Natural transformation is a process whereby bacteria actively take up DNA from the surrounding environment and incorporate it into their genome. Natural transformation is widespread in bacteria, but its evolutionary significance is still debated. Here, we hypothesize that transformation may confer a fitness advantage in changing environments through a process we term 'genetic time travel': by taking up old genes that were retained in the environment, the bacteria may revert to a past genotypic state that proves advantageous in the present or a future environment. We scrutinize our hypothesis by means of a mathematical model involving two bacterial types (transforming and non-transforming), a single locus under natural selection and a free DNA pool. The two bacterial types were competed in environments with changing selection regimes. We demonstrate that for a wide range of parameter values for the DNA turnover rate, the transformation rate and the frequency of environmental change, the transforming type outcompetes the non-transforming type. We discuss the empirical plausibility of our hypothesis, as well as its relationship to other hypotheses for the evolution of transformation in bacteria and sex more generally, speculating that 'genetic time travel' may also be relevant in eukaryotes that undergo horizontal gene transfer.
Introduction
Transformation is the active uptake of naked DNA from the surrounding environment by bacterial cells, followed by the incorporation of this DNA into the bacterial genome. To date, over 60 bacterial species have been reported to undergo transformation [1] . In spite of fairly extensive knowledge about the underlying physiology and molecular biology [2, 3] , the evolutionary benefits of natural transformation remain elusive [4, 5] . One group of hypotheses considers the genetic diversity that results from recombination as the primary evolutionary force responsible for the evolution and maintenance of transformation (reviewed in [6] ). Other hypotheses regard recombination as a mere by-product of taking up DNA that serves primarily as a readily available nutrient [5, 7, 8] or as a protection against DNA damaging stresses [9, 10] .
One distinctive feature of transformation is that DNA is imported from the surrounding environment instead of being exchanged between living individuals as it usually occurs in eukaryotic recombination. Bacterial cells can supply the DNA pool through either active secretion of DNA or DNA release upon death [5, [11] [12] [13] [14] . Since DNA molecules can be quite stable in the habitats of transforming bacteria (see Discussion), the DNA pool may have a different genetic composition than the cell population. For example, if deleterious mutations cause the death of bacteria, this may produce an overabundance of such mutations in the medium so that transformation may become detrimental [15, 16] . However, genes that are deleterious in one environment may become beneficial in another environment and vice versa. Thus, when environmental conditions change constantly, the free DNA in the medium may preserve a record of genes that are beneficial under different environmental conditions. Transformation may then be favoured because it brings about a form of 'genetic time travel', converting the genome of a bacterium back to a past and better-adapted state.
To examine this hypothesis, we studied the dynamics of competitions between transforming and non-transforming bacteria in changing environments, using a mathematical setting with a single locus under selection. The transforming type is capable of importing DNA from a DNA pool, which in turn is supplied by DNA from all bacteria in the population. We studied the competition dynamics in both periodically and stochastically changing environments. Our results demonstrate that transformation is selected for in most of these environments and for a wide range of parameter values. This suggests a novel evolutionary benefit for transformation that can also be scrutinized experimentally.
Model
We consider a deterministic continuous time model of an infinitely large population of bacteria. Each bacterium is characterized by (i) its ability or inability to take up DNA and undergo recombination through transformation, and (ii) its allelic state (0 or 1) at a single locus under natural selection.
The population experiences successive environmental changes in the course of adaptation. These changes result in a fluctuating selection regime where selection favours one allele over the other by an amount s. The fitness w 0 of genotype 0 is arbitrarily set to zero, while the fitness w 1 of genotype 1 fluctuates between the two values s and 2s. The environment changes either periodically after constant time periods of length T, or stochastically with a uniform distribution of switching time points and a mean time T between subsequent switches.
In addition to the population of bacteria, we also consider a pool of free DNA fragments containing the two alleles 0 and 1. Through death or excretion of DNA, the bacteria of both types supply DNA fragments to this pool. We denote by m the DNA 'turnover rate', that is the net rate at which the genetic composition of the DNA pool is changed through DNA coming from the bacterial population. This rate incorporates both the release rate of DNA by the bacteria (through death or secretion) and the rate at which the DNA in the medium decays or is otherwise removed. (Note that to keep the model simple, we assume that DNA decay removes the DNA molecules from the medium but does not produce damaged DNA molecules that might become deleterious alleles following transformation.) The transforming type is capable of taking up DNA fragments from the pool at a rate u. The imported DNA fragment will then replace the existing allele and may thus cause a genotypic switch from 0 to 1 or vice versa. We assume that DNA exists in a sufficient amount in the medium so that DNA uptake does not alter the frequency of fragment types in the DNA pool.
Let us denote by x i and y i the frequencies of transforming and non-transforming bacteria with allele i, and let f i be the frequency of allele i in the free DNA pool. Note that
Based on the above assumptions, the model can then be described by the following system of differential equations:
Here, w is the population mean fitness defined as ðx 0 þ y 0 Þw 0 þ ðx 1 þ y 1 Þw 1 . Note that as described above, the fitness value w 1 and hence w is time-dependent. We studied the dynamics of the competition between the two bacterial types first analytically and then by numerically solving system (2.1) using MATHEMATICA v. 8.0 (Wolfram Research, Inc.). Throughout, we initiate the population with equal frequencies of the 0 and 1 alleles and of the two types (transforming and non-transforming). The simulations ran for 8000 time units. We obtained the final frequency of the transforming population by integrating the frequency of the transforming type over the last 2000 time points.
Results (a) Constant selection
In order to gain some analytical insight into our model, we first transform our system of differential equations (2.1) as follows. Letx 1 andỹ 1 be the frequencies of the 1 allele among all transforming and non-transforming bacteria, respectively (i.e.
Moreover, let x be the overall frequency of transforming bacteria (x ¼ x 0 þ x 1 ). Applying standard differentiation rules and exploiting w 0 ¼ 0, we then obtain from (2.1) the following transformed system of differential equations:
Let us now assume that allele 1 has a constant selective advantage s over allele 0. Comparing the equations forx 1 andỹ 1 then reveals that transformation modifies the rate of adaptation within the transforming subpopulation by an amount u ð f 1 ð1 Àx 1 Þ À ð1 À f 1 Þx 1 Þ. This term is positive if and only if f 1 .x 1 , so that in this case,x 1 will increase faster thanỹ 1 . Hence, assuming equal initial frequencies of allele 1 among the transforming and non-transforming type, the equation for _ x in (3.1) will always be positive, so that the overall frequency of the transforming type will increase. Conversely, when f 1 ,x 1 , the transforming population will exhibit a reduced rate of adaptation, which may in turn produce a decline in the overall frequency of the transforming type.
Let us now consider the case of an adapting population that constantly supplies DNA fragments to the free DNA pool. We assume that initially, the population consists predominantly of individuals carrying allele 0 and the transforming and nontransforming types are equally common. Moreover, the DNA pool initially consists only of allele 0. Figure 1 demonstrates that in this scenario, adaptation is impeded in the transforming subpopulation. This is because although the frequency of allele 1 is also increasing within the DNA pool, it does so only as a response to and at a slower rate than the increase of allele 1 within the bacterial population. As a result of this reduced rate of adaptation of the transforming subpopulation, the transforming type decreases in frequency and eventually becomes extinct. This is the 'bad genes' effect arising through transformation in an adapting population that we have observed before in a different model [16] . We next examined the dynamics assuming that the selection regime changes periodically at regular time intervals so that an allele that was deleterious in one time period, becomes beneficial in the next period. Figure 2 shows two example dynamics. In figure 2a, as in figure 1 , the frequency of allele 1 is initially lower in the DNA fragment pool than in the cell populations, and this causes the transforming type to decline slightly in frequency. However, upon the first switch in the environment when allele 0 becomes the beneficial allele, the frequency of the transforming type increases strongly. This is due to two related reasons. First, because transformation impedes adaptation in the first phase, there will be a higher initial frequency of the beneficial allele within the transforming bacteria and this initial 'head start' means that the transforming type adapts faster. Second, when the environment changes, the frequency of the beneficial allele is (until time point approx. 130) higher in the DNA pool than within the population of transforming bacteria, so that transformation further drives the frequency of the transforming type upwards. In the subsequent periods, the frequency of the transforming bacteria exhibits damped oscillations, but eventually the transforming type becomes fixed.
However, fluctuating selection can also produce selection against the transforming type when the transformation rate is high (see figure 2b for an example). Here, adaptation is generally strongly impeded in the transforming population, because this population is bound to follow closely the pool of free DNA in its allelic composition. This can be seen especially in the second phase (from time point 100) where allele 1 (the deleterious one in that phase) increases in frequency within the transforming bacteria (figure 2b). Thus, transformation can completely overpower natural selection and in this example, the reduction in the frequency of the transforming type through the 'bad genes' effect is so strong that it cannot be offset by the subsequent increase in frequency caused by maintaining the beneficial allele 0 in the transforming subpopulation.
In order to obtain a more complete understanding of the conditions favouring transformation in a changing environment, we performed a screen of the parameter space for the three parameters u, m and T. (Since the strength of selection s is important only relative to the other parameters, this parameter can be kept fixed without loss of generality.) For different combinations of these parameters, we numerically solved our system of differential equations and recorded the final frequencies of the transforming type as described in the Model section.
This screening revealed three different regions in the parameter space ( figure 3) . When the transformation rate is very low and/or the DNA turnover rate is very high, transformation is neutral. In the case of a low transformation rate, this effect is obvious because the difference between the transforming and non-transforming bacteria diminishes. On the other hand, with increasing DNA turnover rate, the allelic composition of the free DNA pool and the bacterial populations will become increasingly similar, so that with very high DNA turnover rates transformation will not affect the allele frequency within the transforming bacteria. In a second region transformation is selected against. This occurs with high transformation rates, fairly high DNA turnover rates and slow changes in the environment-conditions that ensure that the detrimental effects of transformation described above prevail. Finally, in the majority of the parameter space that we screened, the transforming type reaches fixation in the population. This indicates that the beneficial effect of transformation shown in figure 2a predominates for a wide range of parameters.
We extended our model with periodic environmental changes in several ways (see the electronic supplementary material for details). First, we found that transformation is still favoured for many parameters even when it comes at a small-to-intermediate constitutive fitness cost (see electronic supplementary material, figure S1 ). Second, we performed an invasion analysis of bacterial types with a certain transformation rate into resident populations with another transformation rate. This analysis revealed the existence of evolutionarily stable transformation rates: for given parameters T, m and s, there exists a transformation rate that is stable against invasion of bacteria with a different transformation rate (see electronic supplementary material, figure S2 ). Finally, we also incorporated mutation into our model, which usually has the effect of diminishing selection for transformation (see electronic supplementary material, figure S3 ). The reason for this is that mutation maintains genetic variation in the non-transforming subpopulation towards the end of the adaptive phase. When the environment changes, this genetic variation then increases the efficacy of natural selection so that the transforming type is less strongly favoured over the non-transforming type.
(c) Stochastically changing selection
After studying the effect of periodically changing environments, we next asked whether our results also hold for stochastically changing environments. To this end, we constructed sets of environmental scenarios by randomly drawing time points for environmental switches from a uniform distribution. We then simulated the evolutionary dynamics in each of these scenarios and measured the mean frequency of the transforming population at the end of the simulation time (see Model section). rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132609 Figure 4 reveals marked differences between the competition dynamics in the stochastically and periodically changing environments under the same (average) time periods of environmental change. These differences are pronounced when the DNA turnover rate and the transformation rate are either both low or high and when the environment changes frequently. For low DNA turnover and transformation rates (figure 4a), transformation is neutral in periodically changing environments but favoured in stochastically changing environments. For high DNA turnover and transformation rates (figure 4d), the transforming type becomes fixed in periodically changing environments but declines in frequency in the stochastically changing environments.
This discrepancy can be explained intuitively as follows. In the stochastically changing environments, there will be variation in the length of time intervals with a particular selection regime, with occasional time intervals that are much longer than the average time period. In these long time intervals, when transformation and DNA turnover rates are both high, the bad gene effect becomes pronounced and consequently rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20132609 the frequency of the transforming type decreases. This is owing to the fact that selection has more time to act on the population in these intervals and thereby reduce genetic variation. Consequently, the efficacy of selection in the subsequent phases decreases and the frequency of the transforming type remains almost constant. Conversely, when both DNA turnover rate and uptake rates are low, the transforming type can benefit from the DNA pool with a different allelic composition and increases in frequency in one of the relatively long time intervals. In most cases, the transforming type finally becomes fixed and fluctuating selection has no further impact. We observed the same effect for the two above-mentioned cases in periodically changing environments where only the second time interval is prolonged, and also in stochastically changing environments with switches that happen with different random deviations from the mean T (results not shown).
Discussion
In eukaryotes, recombination through meiosis results in a shuffling of parental genes originating from the same gene pool. Therefore, the only effect of recombination at the population level is to break up statistical associations between alleles at different loci (linkage disequilibrium, LD). Hypotheses for an evolutionary benefit of meiotic recombination must therefore explain how LD builds up in the first place and why breaking up LD is beneficial [17] . By contrast, recombination through transformation in bacteria can, in addition to reducing LD [16] , also directly alter allele frequencies within the population because the DNA source (the environment) may be different in its allele frequencies from the recipient population of transforming bacteria. Thus, recombination through transformation may be governed by selective pressures different from those acting on sex and recombination in eukaryotes. This observation is at the core of our 'genetic time travel' hypothesis for the evolutionary benefit of transformation in changing environments, according to which transformation is favoured because it allows the incorporation of genes from a reservoir preserving ancestral genetic information.
Owing to this fundamental difference, previous models for the evolution of sex and recombination in changing environments are quite distinct from our model (e.g. [18] [19] [20] ; reviewed in [21] ). These models require at least two loci under selection as well as either fluctuating epistasis or stochastic effects. A related class of models are models where fluctuating selection is mediated by coevolving parasites (Red Queen models; [22, 23] ); these models also usually produce fluctuating epistasis. By contrast, our model is deterministic and involves only a single locus under selection.
Our model is also distinct from recently proposed models incorporating 'episodic selection' [24, 25] . It is known that many bacteria must enter a state of competence before they can undergo natural transformation. This state is often induced by environmental stress (e.g. starvation) and is characterized by reduced birth and/or death rates that allow the bacteria to survive harsh conditions. Because of this functional link between a persister-like state and competence for transformation, episodic stressful conditions may indirectly select for transformation [24, 25] . (See also [26] for an analysis of how-in the absence of DNA uptake-the optimal switching rates between a persister and non-persister state are determined by the period of environmental change.) Here, we have not incorporated a specific state of competence affecting birth and death rates into our model, thus enabling us to study our hypothesis in isolation from other factors influencing selection for transformation. However, it would be interesting to also explore the relative importance of direct and indirect benefits of DNA import in changing environments in future studies. The extracellular DNA pool is supplied by microorganisms through active secretion [11 -14] and cell lysis [11, 12] . Our hypothesis rests on the assumption that this DNA can persist for sufficiently long time spans in the medium relative to the evolutionary dynamics of the bacterial population. Stability of free extracellular DNA in the environment depends on several factors, including the concentration of bacterial DNases, UV radiation and temperature [11, 27, 28] . However, several lines of evidence indicate that free DNA molecules can be very stable and retain their transformability up to several days in water [28, 29] and up to 10 weeks in soil [11, 27, 30] . These numbers are well within realistic time scales for bacterial evolution.
We made two important assumptions regarding transformation and the pool of free DNA in our model. First, we only consider frequencies of DNA fragments in the DNA pool, but not overall abundances (but see [16] ). This has the advantage that the model becomes more tractable and that DNA release and decay can be captured with a single parameter m (the DNA turnover rate) that determines how closely the genetic composition of the free DNA pool follows that of the living bacteria. Neglecting total abundance of DNA molecules in the medium is justified as long as variation in this abundance does not affect transformation rates. The second assumption is that DNA decay does not lead to damaged DNA that can then function as strongly deleterious alleles (independent of the environment) when taken up and incorporated into the genome. Clearly, including this effect into the model would diminish the advantage of transformation.
In order to keep our model as simple as possible and to study the 'genetic time travel' effect in isolation from other effects of recombination we have considered only a single locus in our model. In reality, selection for or against transformation will depend on how selection acts on many loci simultaneously. For example, selection for transformation caused by a single locus under fluctuating selection may readily be overpowered by selection against transformation caused by many loci that are under constant selection pressure. With several loci under fluctuating selection caused by different environmental factors (with different time periods), selection on transformation rates may be hard to predict based on expectations for each locus individually. These and other scenarios involving several loci as well as the effects of epistasis and random genetic drift in models of transformation with fluctuating selection remain to be explored in future studies.
In conclusion, our model suggests a novel evolutionary role for transformation: it may enable bacteria to adapt faster to changing environments by taking advantage of the genes stored in the free DNA pool. This role may complement other evolutionary functions of transformation, for example, as a means of acquiring nutrition [5, 7] or increasing genetic diversity through recombination [3, 6] . The viability of our hypothesis should be readily testable in evolution experiments with naturally competent bacteria. Finally, we would like to note that 'genetic time travel' through incorporation of free DNA may not only be beneficial in prokaryotes: bdelloid rotifers, for example, undergo rampant horizontal gene transfer [31] and at the same time are potentially under strong fluctuating selection through frequent desiccation of their habitat.
